Introduction: Patients with acute stroke are at high risk for infection. These infections are associated with unfavourable outcome after stroke. A prediction rule can identify the patients at the highest risk for strategies to prevent infection. We aim to develop a prediction rule for post-stroke pneumonia and other infections in patients with acute stroke. Patients and methods: We used data from the Preventive Antibiotics in Stroke Study, a multicentre randomised trial comparing preventive ceftriaxone vs. standard stroke care in patients with acute stroke. Possible predictors for poststroke pneumonia or infection were selected from the literature. Backward elimination logistic regression analysis was used to construct prediction rules for pneumonia or infection. Internal validation was performed and a risk chart was constructed. We adjusted for preventive antibiotic use. Results: Pneumonia was diagnosed in 159 of the 2538 included patients, and infection in 348. Pneumonia was predicted by higher age, male sex, pre-stroke disability, medical history of chronic obstructive pulmonary disease, more severe stroke, dysphagia and intracerebral haemorrhage (rather than ischaemic stroke). Infections were predicted by higher age, male sex, history of diabetes, chronic obstructive pulmonary disease, more severe stroke, dysphagia, use of bladder catheter, preventive antibiotic use and intracerebral haemorrhage. With the prediction rule developed, risks for pneumonia ranged from 0.4% to 56.2% and from 1.8% to 88.0% for infection. Discrimination of the score was good (C-statistic, 0.84; 95% CI: 0.81-0.87 and 0.82; 95% CI: 0.79-0.84 for pneumonia and infection). Conclusions: The Preventive Antibiotics in Stroke Study pneumonia and infection rule identify patients at the highest risk for post-stroke pneumonia or infection and may be used for future studies and novel therapies, after confirmation in an external population.
Introduction
Post-stroke infections occur in 30% of the patients with acute stroke and have a strong relation with unfavourable outcome. [1] [2] [3] In two recent large randomised trials, preventive antibiotic therapy did not improve functional outcome in relatively unselected patients with acute stroke. 4, 5 New approaches are needed to prevent infection and thereby improve outcome in acute stroke patients. One option would be to prevent infection only in those with high risk of developing these infections.
Risk scores aiming to predict pneumonia in patients with acute stroke have previously been developed. These were mostly derived from retrospective cohort studies or large stroke registries and often were not specifically designed to predict post-stroke infections in general. [6] [7] [8] [9] [10] [11] In contrast to many models aimed at predicting post-stroke pneumonia, only one study in 568 stroke patients aimed at predicting post-stroke infection in general. The model developed in this study was neither internally nor externally validated. Predictors for pneumonia from these studies were higher age, sex, more severe stroke, history of congestive heart failure, history of pneumonia or chronic obstructive pulmonary disease (COPD), current smoking, alcoholism, prestroke dependence, reduced level of consciousness, intracerebral haemorrhage (rather than ischaemic stroke), higher systolic arterial blood pressure, higher blood glucose, higher white blood cell (WBC) count and infratentorial location, intraventricular extension and volume of the haematoma. For any infection, higher age, diabetes and more severe stroke were predictors.
Aims
The current study aimed to construct a prediction rule both for pneumonia and for any post-stroke infection in patients with acute ischaemic stroke or intracerebral haemorrhage, with data from the 'Preventive Antibiotics in Stroke Study' (PASS).
Methods

Patients and definitions of outcome variables
Data were used from PASS, a multicentre, prospective, randomised, open-label, clinical trial with blinded endpoint assessment (PROBE), including 2550 patients in the acute phase (<24 h) of ischaemic stroke or intracerebral haemorrhage. Patients with signs of an infection at study inclusion were excluded. In this trial, preventive treatment with intravenous ceftriaxone during four days in addition to standard stroke care was compared with standard stroke care alone. Ethics approval was obtained from the local institutional review board and all patients or their legal representatives provided written informed consent. Baseline characteristics and outcome parameters were prospectively collected. Dysphagia was assessed by performing a swallowing test according to national guidelines. 12 We assessed for each patient whether the swallowing test was performed, the result of the test or the reason why it was not performed (good recovery, reduced consciousness or other reasons). A patient was considered dysphagic in case of an abnormal swallowing function on the test. A patient was considered not dysphagic in case of a normal swallowing function on the test, or when the test was not performed because of good recovery. When the test was not performed due to lowered consciousness or other reasons, dysphagic status was considered unavailable.
Definition of post-stroke infections
In the PASS, post-stroke infections were categorised as diagnosed by the clinician, and as judged by an independent adjudication committee blinded for treatment allocation with modified Centres for Disease Control and Prevention criteria, as described in the study protocol. 5, 13 In the current analyses, the occurrence of pneumonia or infection as assessed by the clinician during admission was used.
Selection of candidate predictors
Previously described risk factors for post-stroke pneumonia and infection were identified by literature search (search strategy see Supplemental Appendix). To be considered as candidate predictors, risk factors had to be frequently described in literature and had to be collected in the PASS dataset. The maximum number of candidate predictors should range between the numbers of pneumonia or infection divided by 10-15 according to the events-per-variable rule.
14 For example, if the maximum number of candidate predictors was 10, we chose the 10 most frequently reported risk factors from literature. Each factor had to be known at admission, since the aim of the prediction rule is to assess infection risk early in clinical course. Dysphagia assessment was performed at admission by a trained nurse before any intake by a water swallowing test according to the Dutch Stroke Guideline. 12 Since pneumonia is a subcategory of infection, predictors of pneumonia were also used for prediction of infection. We also considered treatment allocation as a candidate predictor in both prediction rules.
Statistical analysis
All statistical analyses were performed in R version 3.2.4. 15 We developed two prediction rules; one for post-stroke pneumonia and one for poststroke infections.
For each variable, the proportion of missingness was assessed. Missing data were imputed with single imputation with 20 iterations using baseline and outcome variables and the Mice Package. 16 For continuous variables, linearity was assessed by plotting the data and examining the risk for each decile. Logistic regression analyses were performed to study the association between candidate predictors as defined beforehand (literature search) and the outcomes. Predictors for pneumonia or infection were selected with backward selection, using the Akaike Information Criterion as stopping rule.
14 Next, the performance of both prediction rules was assessed by investigating the explained variance, calibration curve and Hosmer-Lemeshow test, and discrimination by c-statistic. Both prediction rules were internally validated to prevent overfitting. Regression coefficients were corrected for optimism by a shrinkage factor obtained by bootstrapping (250 samples) including the full backward model. When treatment allocation was selected as independent predictor, we adjusted the intercept and presented the predicted risks based on the standard care subset of the data. We constructed prediction rules based on the regression coefficients of the two models. For the performance of this study, we adhered to the Tripod statement and completed the checklist (Supplemental Appendix). 17 
Results
Patients
Between July 2010 and March 2014, 2550 patients were enrolled. Twelve patients withdrew consent immediately after randomisation, leaving 2538 patients available for the analysis; 57% of patients were male, the median NIHSS was 5 (IQR 3-9) and 26% of patients were dysphagic (for all baseline characteristics see Table 1 ). During admission, pneumonia was diagnosed in 159 and any infection in 348 patients (159 patients were diagnosed with pneumonia, 173 patients with urinary tract infections, 50 with other infections; see main article PASS for specification of other infections 5 ); 306 patients were diagnosed with a single infection, and 48 with more than one infection: 29 patients had two infections, 11 patients had 3 infections and 2 patients had 4 infections as diagnosed by the treating physician.
Candidate predictors
The search strategy resulted in 2706 articles. After screening titles, abstracts and full-text, 46 articles were used for the extraction of risk factors for pneumonia and infection (see Supplemental Appendix). For pneumonia, the most consistently reported risk factors (>13 studies) were higher age, male sex, more severe stroke and dysphagia. Other frequently reported risk factors were decreased level of consciousness at admission, pre-stroke dependence, medical history of diabetes, COPD, atrial fibrillation and intracerebral haemorrhage. For infection, the most consistently reported risk factors were higher age, male sex, more severe stroke and a reduced consciousness on admission. Other relatively frequently reported risk factors were pre-stroke dependence, medical history of diabetes, previous stroke, atrial fibrillation, malignancy, immune suppression (HIV, immunosuppressive medication, splenectomy) and urinary catheterisation. The aforementioned risk factors were used as candidate predictors. Age and stroke severity were the only continuous variables and had a linear association with pneumonia and infection. The pre-stroke Modified Rankin Scale Score (mRS) and GCS were a priori categorised in three groups (mRS: 0, 1-2, 3-5; GCS <13, 13-14 and 15).
Handling of missing data
There were no missing data for the candidate predictors age, sex, intracerebral haemorrhage, pre-stroke dependence, stroke severity and immune suppression. For dysphagia, data were missing in 176 (6.9%) patients, and in 199 patients (7.8%), the verbal score of the GCS was missing (mostly because these patients were aphasic). For all other candidate predictors, data were missing in less than 0.3%.
Prediction rule
Post-stroke pneumonia was predicted by higher age, male sex, pre-stroke disability, medical history of COPD, more severe stroke, dysphagia and intracerebral haemorrhage. Post-stroke infections were predicted by higher age, male sex, medical history of diabetes, COPD, more severe stroke, dysphagia, use of bladder catheter, preventive antibiotic use and intracerebral haemorrhage. Because of selection of preventive antibiotic use as predictor for infection, the linear predictor for infection was adjusted to the placebo population. The linear predictors for pneumonia and infection are shown in Table 4 
Derivation of a prediction rule and chart
We derived the PASS pneumonia rule and the PASS infection rule, 22 and 24 points scores respectively, which were both subdivided in four categories (Figure 2 ). Predicted risk for the lowest and highest score on the prediction rule ranged from 0.4 to 56.2% for pneumonia and 1.8% to 88.0% for infection. In Figure 2 , the observed risks in the PASS population are shown for each point on the PASS pneumonia and infection rule. Discrimination of the derived scores remained good (C-statistic 0.84 95%CI 0.81-0.87 and 0.82 95% CI 0.79-0.84 for pneumonia and infection, respectively).
Discussion
Post-stroke infections were predicted by higher age, male sex, history of diabetes, history of COPD, more severe stroke, dysphagia, use of a bladder catheter and intracerebral haemorrhage. Post-stroke pneumonia was predicted by higher age, male sex, pre-stroke disability, history of COPD, more severe stroke, dysphagia and intracerebral haemorrhage.
Our study is the first to develop and internally validate a prediction score for post-stroke infection. Post-stroke pneumonia is the most studied infection because of the strongest association with mortality and unfavourable functional outcome. However, other infections such as urinary tract infection, phlebitis, gastro-intestinal infections, sepsis and infections without determined focus can complicate and influence the clinical course after stroke as well. Infections have been shown to complicate the clinical course in 30%, while pneumonia occurs in 10% of stroke patients. 3 Because infections are also associated with mortality and unfavourable functional outcome, it seems necessary to aim therapies not only at prevention of pneumonia, but at preventing all infections. 2, 3 In PASS, preventive antibiotic therapy did not have an effect on functional outcome in the overall population, but did reduce infection rate. Whether preventive antibiotic therapy in a highrisk subgroup does improve functional outcome remains to be investigated. The PASS prediction rule has the potential, after external validation, to identify the patients at high risk of infections and could be an important first step for selection of patients for future trials or intensive monitoring for the development of an infection during admission.
Previous models have been developed to predict pneumonia after stroke (see Table 2 for overview of all models). Four scores were also externally validated: the A 2 DS 2 and AIS-APS scores for ischaemic stroke, the ICH-APS for intracerebral haemorrhage and the ISAN-score for both ischaemic stroke and intracerebral haemorrhage. [7] [8] [9] 11 These four scores were developed from and mostly validated in large stroke registries. The other available prediction models for prediction of pneumonia after stroke were mostly based on a smaller number of patients and often too many predictors were included according to the eventsper-variable rule, which can lead to overfitting and poorer performance of the model. 6, 10, 14, 18 The present study adds to previous models because it was constructed from data from a large prospective randomised trial in which infection and pneumonia were predefined outcome parameters and might therefore have been more rigorously assessed. Also, patients with infection at admission were excluded, which is difficult to control in stroke registries. After external validation, the current study might therefore be better applicable when selection of patients in a randomised trial is considered. Finally, this study includes patients with either ischaemic stroke or intracerebral haemorrhage. The A 2 DS 2 score was not developed in patients with intracerebral haemorrhage, the ISAN score was shown to perform less well in patients with intracerebral haemorrhage and other scores were made for either ischaemic or intracerebral haemorrhage. 19 If our results are confirmed in an independent population, the PASS pneumonia rule and infection rule could be applicable to patients with either ischaemic stroke or intracerebral haemorrhage (Table 3) .
This study has limitations. First, the PASS dataset did not contain all characteristics reported in previous studies as possible risk factors for infection or pneumonia. For example, history of dementia, 'being found down at symptom onset', location of stroke, 'tongue pressure movements' or laboratory markers such as monocytic HLA-DR, IL-1 or IL-6 were not prospectively collected in the PASS. Also, CT-or MRIcharacteristics of an infarct or bleeding were not used for the development of this model. Since the strongest predictors for infection -as described in literaturewere included, it is unlikely that this strongly affected the results and that these factors would otherwise have been included in the model. Also, patients included in PASS had a relatively mild stroke severity that decreased infection and pneumonia rates. External validation should be performed to assess the performance of the model in stroke patients with higher stroke severity and infection rates. Next, the predictive value of the use of a bladder catheter could be overestimated, since it cannot be excluded that asymptomatic bacteriuria was interpreted as bladder infection in patients with a bladder catheter. Also, in standard stroke practice in the Netherlands, the majority of patients will receive a bladder catheter within the first 24 h when needed, but we did not collect the exact date and time of placement of the catheter. Finally, intracerebral haemorrhage was selected as a predictor for both infections and pneumonia, but this might be explained by increased length of stay. Patients with intracerebral haemorrhage had a longer length of stay than patients with ischaemic stroke, and we used the length of admission as exposure time for infections and pneumonia.
In conclusion, we present internally validated risk scores for post-stroke infection and pneumonia. After external validation, these scores can be used for selection of patients at high risk of infection and pneumonia after stroke.
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